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DYNLL1, the smallest dynein light chain, interacts with different cargos facilitating their cellular
transport. Usually the sequence recognized in the targets is homologous to the GIQVD or the KXTQT
motifs with a glutamine that is important for binding. Here we add two new examples of DYNLL1
targets that can be classiﬁed into these two groups: ASFV p54 and gephyrin. Using NMR we demon-
strate the direct interaction between DYNLL1 and two peptides derived from their interacting
sequences. We model the structure of both complexes and show that the overall binding mode is
preserved as in other complexes despite differences at the residue-speciﬁc interactions.
Structured summary:
MINT-8058152: DYNLL1 (uniprotkb:P63167) and gephyrin (uniprotkb:Q9NQX3) bind (MI:0407) by
nuclear magnetic resonance (MI:0077)
MINT-8058141:DYNLL1 (uniprotkb:P63167) and p54 (uniprotkb:Q4TWM1) bind (MI:0407) by nuclear
magnetic resonance (MI:0077)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Dynein is an important cell molecular motor responsible for the
minus-end directed intracellular movement of various cargos and
organelles along the microtubules. This multi-protein molecular
motor comprises several chains that play different functions [1].
DYNLL1 is the smallest dynein light chain and exits as a
homodimer under physiological conditions [2]. The structures of
the monomeric [3] and dimeric [4] forms have been solved, though
only the dimeric form is able to bind cargo. Many of the protein
cargos have been identiﬁed and several complex structures have
been reported with peptides derived from their mapped binding
sequences [4–6]. Despite the variability of their binding motifs
all these complexes share a common interaction mode that in-
volves the concave groove at each side of the facing monomer sub-
units with the peptide acquiring an extended conformation that
enlarges the central b-sheet. Although the sequence determinants
required for DYNLL1 binding remain still elusive, data available
indicate that in most cases, the binding site is highly homologouschemical Societies. Published by E
(M.F. García-Mayoral), +34
rcía-Mayoral), nacho@bbm1.either to the GIQVD or the KXTQT motifs present in the nNOS
and Bim proteins, respectively [4,7] (Fig. 1). Both sequence motifs
include a characteristic glutamine residue that participates in
hydrogen bond interactions with conserved residues (E35 and
K36) capping the N-terminus of helix a2. However, we recently re-
ported a novel target, the glutamate channel homolog GRINL1A,
that binds to DYNLL1 through a GIQVD type sequence with the Q
mutated into a G [8]. Another example is the crystal structure of
the complex with PAK1 [6], highlighting that the glutamine residue
although frequently present in the targeted sequences is not com-
pulsory for binding.
In this work we use NMR methods to show the direct interac-
tion between DYNLL1 and two peptides with sequences derived
from two unrelated identiﬁed DYNLL1-interacting targets, the
postsynaptic scaffolding protein gephyrin and the structural Afri-
can swine fever virus (ASFV) p54 protein. Both gephyrin and ASFV
p54 sequences contain the characteristic glutamine and can be
classiﬁed as GIQVD and KXTQT-type targets, respectively. Using
the structural knowledge based on other complexes and our exper-
imental chemical shift perturbation data from NMR-monitored
titrations we have modeled the complexes with these two partners
and established comparisons with our previous complex with
GRINL1A and nNOS and Bim peptides as representative examples
of each type of sequence.lsevier B.V. All rights reserved.
Fig. 1. Comparison between ASFV p54 and gephyrin and a set of known peptide
sequences from diverse DYNLL1 interacting targets. The consensus binding
sequences and the conserved glutamine residue are boxed.
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2.1. Materials
Synthetic dodecapeptides with the sequences 203KQTEDKGVQ-
CEE214 of gephyrin and 153TTQNTASQTTSA164 of ASFV p54 were
purchased from Thermo Scientiﬁc.
2.2. NMR samples
Solutions of DYNLL1 with ﬁnal concentrations in the range of
50 lM were prepared in water with 10% of D2O in buffer
100 mM KPO4, 1 mM DTT, pH 7.0. Concentrated solutions of the
gephyrin and ASFV p54 peptides were prepared in the same buffer
solution. Estimated concentrations were 9.6 and 8.1 mM, respec-
tively. Due to the presence of a cysteine residue in the sequence
of the gephyrin peptide DTT was also added to this sample.
2.3. NMR-monitored titrations
Titration experiments were performed by recording 15N-HSQC
spectra of the 15N-labelled DYNLL1 sample in the absence and
the presence of different amounts of unlabelled peptides. All
experiments were acquired at 25 C in a Bruker Avance 800 NMR
spectrometer (Bruker, Rheinstetten, Germany) equipped with a z-
gradient cryoprobe. The different protein/peptide ratios tested
were 1/0, 1/0.5, 1/1, 1/1.5, 1/2. Amide proton resonances of free
DYNLL1 were assigned from published data recorded in similar
conditions [3,4] and most of the signal changes could be followed
during the titration. Chemical shift perturbation analysis was per-
formed with 15N and 1H weighted average chemical shift values as
described [8].
2.4. Haddock dockings
The complexes were docked using the Haddock webserver [9]
(http://haddock.chem.uu.nl/services/HADDOCK) and the NMR
titration data as previously described [8]. The structure of DYNLL1
was taken from the complex with the nNOS peptide (pdb: 1F96).
The structures of the peptides were modeled based on the align-
ment mode facility of the Swiss Model server (http://swissmod-
el.expasy.org) and the chain D of the nNOS peptide in complex
with DYNLL1 as the template (pdb: 1F96). We used the glutamine
within the GIQVD and TQTmotifs as a pivot for the alignments. The
two ﬁrst residues of the gephyrin peptide and the ﬁrst residue of
the ASFV p54 peptide were excluded from the alignment and not
modeled. We used a recently reported protocol [8] to deﬁne theactive and passive residues for the protein and the peptides. Since
the group of residues affected by the interaction were similar in
both cases, the same sets of active (Monomer A: R60, N61, G63,
Y65, T67, K71; Monomer B: K31, N33, K48, K49) and passive
(Monomer A: K9, N10, E15, E16, Q80) residues for DYNLL1 were
employed. All residues in the peptides were considered as active.
Due to the two-fold symmetry of the complex only one peptide
was docked in the DYNLL1 dimer. Final clusters were analyzed
and scored for the selection of the representative docked
complexes.3. Results
Using yeast-two-hybrid screen Fuhrmann et al. identiﬁed geph-
yrin as an interacting partner of DYNLL1 [10] and the binding site
was delimited to a fragment of 63 amino acids (residues 181–243)
[11]. This binding region contains a sequence stretch with homol-
ogy to the GIQVD DYNLL1-interacting motif (GVQCE in gephyrin),
therefore a dodecapeptide peptide containing this fragment was
selected as the target for our studies.
On the other hand, studies performed on ASFV p54 revealed
that C-terminal amino acids Y149-T161 were sufﬁcient for DYNLL1
binding. Further reﬁnement indicated that the SQT motif (159–
161) was essential for binding [7,12]. Similarly, following an anal-
ogous strategy we chose the dodecapeptide comprising this region
for our studies.
3.1. NMR-monitored interactions of DYNLL1 with gephyrin and ASFV
p54 derived-peptides
We ﬁrst assigned the proton amide resonances of DYNLL1 by
comparison with the reported assignment in similar conditions.
At the pH we are working at DYNLL1 is a dimer [3,4].
Then, by recording series of 15N-HSQC spectra at increasing
peptide/protein ratios of the 15N-labelled DYNLL1 and the unla-
beled peptides we have mapped the interaction site at the residue
level. Fig. 2 shows the superposition of the 15N-HSQC spectra of the
free protein (red) and the saturated bound forms of the protein in
the presence of the gephyrin (cyan) and ASFV p54 (yellow) pep-
tides. A considerable set of resonances undergo large spectral shifts
demonstrating the direct interaction. Moreover, the set of signals
affected in both titrations are the same indicating a common
molecular binding interface. Generally, shifts in the presence of
the ASFV p54 peptide tend to be larger than those induced by
the gephyrin peptide. As we observed for GRINL1A, the interaction
takes place in the slow exchange regime in the NMR-time scale.
The binding stoichiometry deduced from these experiments is of
one DYNLL1 dimer molecule binding to two peptide molecules.
3.2. Docking calculations
The representative clusters for the respective families of mod-
eled structures were selected as previously described [8]. Thus,
the best cluster for the DYNLL1-gephyrin complex with 45 struc-
tures has a score of 105.9 and a buried surface area of 1430 Å2,
and that of DYNLL1-ASFV p54 with 49 structures has a score of
96.8 and a buried surface area of 1460 Å2. Fig. 3 shows the super-
position of the 15 best structures of each complex that allows,
within the limitations of the method [13], the analysis of the inter-
action at a residue level resolution. The orientation of the gephyrin
peptide was poorly deﬁned close to the N-terminus and the confor-
mations can be classiﬁed into two families (green and red) that dif-
fer in a small rotation angle. The family with the vertical
disposition (red) is slightly more populated. In contrast, the back-
bone conformation of the ASFV p54 peptide is well-deﬁned. This is
Fig. 2. NMR titration of DYNLL1 with ASFV p54 and gephyrin peptides. Superposition of 15N-HSQC spectra of DYNLL1 at the ﬁnal point of the titration (protein/peptide ratios
of 1:2). The spectra correspond to free DYNLL1 (red), DYNLL1-gephyrin peptide complex (cyan) and DYNLL1-ASFV p54 peptide complex (yellow).
Fig. 3. Structural models of DYNLL1 peptide complexes. (A) Superposition of the 15 lowest energy conformers from the selected cluster modeled with Haddock of the
DYNLL1-gephyrin peptide complex (left) and DYNLL1-ASFV p54 peptide complex (right). Two different families of conformers for the gephyrin complex are shown in red and
green. (B) Lowest energy conformer of each representative cluster for the DYNLL1-gephyrin peptide complex (left) and DYNLL1-ASFV p54 peptide complex (right) showing
representative interactions mentioned in the text. The peptide side chains are in red, the DYNLL1 selected side chains are in blue, all with their corresponding labels.
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yrin peptide compared to that of ASFV p54 (0.93 Å).
Both complexes share a common interaction mode, analogous
to that reported for other DYNLL1 complexes. The ﬁve-stranded
b-sheets of each monomer, which comprise four strands fromone monomer and one strand (swapped strand) from the opposite
monomer, facing each other at the dimer interface are extended
each side by the peptides forming a sixth b-strand. The adopted ex-
tended conformation of the peptides interacts in an antiparallel
fashion with the swapped b3 strands at each side of the dimer.
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E206 (Q155) to C212 (T161) of gephyrin (ASFV p54) with residues
H68 to F62 of DYNLL1 monomer A. The hydrogen bond between
the side chain carboxamide of Q211 (Q160) of gephyrin (ASFV
p54) and the carboxylate of E35 of DYNLL1 monomer B capping
the helix a2 is similarly retained in both complexes as in the other
reported structures. The side chain of K36 of DYNLL1 monomer B
also interacts with the glutamine from the target peptides.
The higher number of charged residues in the gephyrin peptide
increases the contributions of electrostatic interactions to the
binding afﬁnity. Some examples are the charge–charge interac-
tions between E206 with H68 and K71 (monomer A), D207 with
K43 (monomer B), and the pi-cation interaction between K208
and F73 and F86 (monomer A). Hydrophobic contacts in the geph-
yrin complex involve the side chain of V210 and G209 ﬂanked each
side by the aromatic rings of Y65 and Y75 (monomer A). In the case
of the ASFV p54 complex, they are mainly represented by the close
contacts between A158 and Y65.4. Discussion
The docked complexes of DYNLL1 with the gephyrin and ASFV
p54 peptides are similar to other known complexes as shown
by the low RMSD values for the backbone atoms in the following
comparisons: 0.97 Å (DYNLL1-gephyrin/DYNLL1-nNOS), 0.94 Å
(DYNLL1-gephyrin/DYNLL1-GRINL1A), 2.97 Å (DYNLL1-gephyrin/
DYNLL1-Bim), 2.93 Å (DYNLL1-p54/DYNLL1-Bim) 0.86 Å (DYNLL1-
p54/DYNLL1-GRINL1A), 0.99 Å (DYNLL1-p54/DYNLL1-nNOS). We
will focus here on the amino acid substitutions in the GVQCE geph-
yrin and TASQT AFSV p54 recognition sequences with respect to the
GIQVD and KXTQT motifs, respectively (Fig. 1).
In the gephyrin target sequence (GVQCE) V210 and C212 re-
place I233 and V235 of nNOS, respectively. The ﬁrst substitution
preserves the aliphatic character of the amino acid. In nNOS I233
together with V235 form a hydrophobic cluster with the side
chains of I57, F62, F73, Y75, A82, L84 and F86 of DYNLL1; in the
DYNLL1-gephyrin complex the side chain of V210 points to the
same hydrophobic cluster but its smaller size prevents some of
these contacts and the main interaction involves the aromatic ring
of Y75. C212 in the position equivalent to V235 also participates in
hydrophobic interactions, in this case mainly involving the side
chains of F62, Y75 and Y77, similarly to those established by
C427 of GRINL1A. Finally, there is the conservative substitution
of E213 replacing the aspartate and in principle similar interac-
tions can take place. As we mentioned, the interactions of Q211
capping helix a2 are preserved but absent in the GRINL1A complex
where the equivalent residue is a glycine. Flanking the motif, the
gephyrin sequence also conserves an aspartate at position i-4 from
the Q211 that was previously devised to be important for the bind-
ing afﬁnity [6,14]. E206 in gephyrin, replaces a positively charged
residue in the nNOS (K229) and GRINL1A (R421) sequences.
K229 of nNOS and R421 of GRINL1A participate in a salt bridge
interaction with DYNLL1 D12, and this interaction seems not to
be mimicked by K208 of gephyrin. The aliphatic part of the K208
side chain approaches those of V66, H68, F73, and F86. E206 of
gephyrin although not far from D12 optimizes its orientation to
minimize the electrostatic repulsions and favour the electrostatic
interactions with the positive K71 and H68.
In the ASFV p54 target sequence (TASQT) there are two signiﬁ-
cant changes compared to the sequences of swallow, Bim, or the
dynein IC with KXTQT type-sequences. The ﬁrst threonine (T157)
replaces a lysine, and the serine in the middle (S159) replaces a
threonine. Both residues have their side chains pointing to the di-
mer interface participating in molecular interactions. The ﬁrst
mutation is a non-conservative substitution leading to the loss ofa positive charge. On the contrary, the second substitution is quite
conservative; it retains the hydroxyl group in the same position
and only reduces the overall volume of the side chain. K52 in the
Bim peptide has been shown to play a signiﬁcant role in DYNLL1
binding. The aliphatic part of the chain contacts the aromatic rings
of F73 and F86, while the positive charge interacts with the nega-
tive carboxyl group of D12 [4]. Similarly, in the swallow peptide
the positive charge of K291 is stabilized by the pi-cation interac-
tion with F73 [5]. Although in our complex the corresponding
T157 is still spatially close to F73, the pi-cation interaction is no
longer possible and polar interactions involve the side chains of
N10 and H68. Importantly, mutational analyses showed that bind-
ing activity was maintained in mutants preserving the T-SQT motif
indicating that T157 is essential for binding [12]. Remarkably, a
threonine is also present in the nNOS peptide in the equivalent po-
sition. For this peptide complex the hydrogen bond between H68
and T231 side-chains is suggested to be important for speciﬁc rec-
ognition. Actually, the substitution of T231 with G reduced binding
afﬁnity while the substitution of T231 with S in nNOS still pre-
served binding, highlighting the role of the hydroxyl group [4].
With respect to the threonine, the hydroxyl group of T54 of Bim
has been shown to play an important role in binding [15], however,
no obvious interacting partner was identiﬁed from the complex
structure [4]. In the swallow complex, the hydrogen bond partners
identiﬁed for the hydroxyl of T293 are the hydroxyls of Y75 (water-
mediated) and S64. In our structure, despite the proximity of S159
to these residues, no hydrogen bonds are detected although their
existence cannot be discarded. A158 as in the swallow complex
establishes hydrophobic contacts with the aromatic ring of Y65.
In summary, we have demonstrated from NMR-monitored titra-
tion experiments the direct interaction of peptides derived from the
gephyrin and ASFV p54 sequences with DYNLL1. These peptides
span sequences that are highly homologous to the GIQVD (gephy-
rin) and the KXTQT (ASFV p54) motifs that constitute the binding
sites of many known DYNLL1 complex structures. Based on these
observations we expected the interaction to occur in the same fash-
ion and this is corroborated by our NMR data-drivenmodeled struc-
tures. These results add two new examples of DYNNL1 targets that
bind in the concave groove between the monomer subunits estab-
lishing analogous key molecular interactions.
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